Granger causal connectivity dissociates navigation networks that subserve allocentric and egocentric path integration by Lin, CT et al.















complex	(RSC)	 in	 the	transformation	of	egocentric	and	allocentric	 information	13	
into	 complementary	 spatial	 reference	 frames	 (SRFs).	 The	 tight	 anatomical	14	
connections	of	 the	RSC	with	a	wide	 range	of	other	 cortical	 regions	processing	15	
spatial	information	support	its	vital	role	within	the	human	navigation	network.	16	
To	better	understand	how	different	areas	of	the	navigational	network	interact,	17	
we	 investigated	 the	 dynamic	 causal	 interactions	 of	 brain	 regions	 involved	 in	18	
solving	a	virtual	navigation	task.	EEG	signals	were	decomposed	by	independent	19	
component	 analysis	 (ICA)	 and	 subsequently	 examined	 for	 information	 flow	20	
between	 clusters	 of	 independent	 components	 (ICs)	 using	 direct	 short-time	21	
directed	 transfer	 function	 (sdDTF).	 The	 results	 revealed	 information	 flow	22	
between	the	anterior	cingulate	cortex	and	the	left	prefrontal	cortex	in	the	theta	23	
(4–7	 Hz)	 frequency	 band	 and	 between	 the	 prefrontal,	 motor,	 parietal,	 and	24	
occipital	cortices	as	well	as	the	RSC	in	the	alpha	(8–13	Hz)	frequency	band.	When	25	
	 2	
participants	 preference	 to	 use	 distinct	 reference	 frames	 (egocentric	 vs.	26	
allocentric)	during	navigation	was	considered,	a	dominant	occipito-parieto–RSC	27	
network	was	identified	in	allocentric	navigators.	These	results	are	in	line	with	the	28	
assumption	 that	 the	 RSC,	 parietal,	 and	 occipital	 cortices	 are	 involved	 in	29	
transforming	egocentric	visual	spatial	information	into	an	allocentric	reference	30	
frame.	Moreover,	the	RSC	demonstrated	the	strongest	causal	flow	during	changes	31	






	 Successful	 navigation	 in	well-known	 and	 unknown	 environments	 requires	38	
simultaneous	 processing	 and	 integration	 of	 spatial	 information	 based	 on	39	
allocentric	 and	 egocentric	 spatial	 reference	 frames	 (SRFs)	 [Klatzky,	 1998].	40	
Reference	 frames	 are	 a	 means	 to	 represent	 spatial	 information	 based	 on	41	
egocentric	 or	 allocentric	 coordinate	 systems.	 An	 allocentric	 representational	42	
system	is	centered	on	aspects	of	the	environment	and	represents	the	location	of	43	
entities	in	space	with	respect	to	allothetic	information	like	cardinal	directions.	In	44	
contrast,	 an	 egocentric	 representational	 system	 is	 centered	 on	 aspects	 of	 the	45	
navigator’s	physical	structure	and	thus	varies	with	changes	in	orientation	of	the	46	




The	 computation,	 integration,	 and	 exchange	 of	 spatial	 information	 based	50	
different	 SRFs	 involves	 a	 network	 of	 brain	 structures	 including	 the	 medial	51	
temporal	cortex,	the	cingulate	gyrus,	the	frontal,	parietal,	and	occipital	cortices,	as	52	
well	as	the	retrosplenial	complex	(RSC)	[Hartley	et	al.,	2003;	Maguire	et	al.,	1998;	53	
Whitlock	 et	 al.,	 2008].	 Imaging	 studies	 investigating	 the	 neural	 structures	54	
underlying	egocentric	 and	allocentric	 spatial	navigation	have	 revealed	 that	 the	55	
parietal	cortex	subserves	the	computation	of	egocentric	SRFs	by	integrating	self-56	




1998;	Wolbers	 and	 Büchel,	 2005].	 Moreover,	 the	 RSC	 has	 been	 found	 to	 play	61	
important	roles	in	computing	and	maintaining	allocentric	spatial	representations	62	





successful	 navigation	 [Ekstrom	 et	 al.,	 2014].	 Recent	 EEG	studies	 have	 reported	68	
high	 coherence	of	 the	alpha	and	 theta	 frequency	bands	 in	a	 large-scale	 cortical	69	

































the	 anterior	 cingulate	 cortex	 (ACC),	 the	 RSC,	 and	 the	 lateral	 prefrontal,	motor,	101	





	 	 	 	 The	mean	homing	responses	are	displayed	in	Figure	1	for	both	allocentric	and	107	
egocentric	 indicated	 as	 dotted	 and	 straight	 line,	 respectively.	 In	 Figure	 1A,	 the	108	
result	 of	 homing	 response	 indicating	 that	 using	 an	 egocentric	 SRF	 indicated	109	
opposite	homing	directions	as	compared	to	homing	responses	of	allocentric,	using	110	
an	allocentric	SRF	(p	<	0.01).	The	homing	responses	for	allocentric	and	egocentric	111	
consistently	 differed	 in	 each	 path	 configuration	 supported	 the	 hypothesis	 that	112	
both	strategy	groups	used	a	distinct	reference	frame	for	their	homing	responses	113	











anterior	 brain	 regions	 during	 path	 integration	 as	 compared	 to	 the	 baseline	124	
condition	 for	egocentric	and	allocentric	participants	(please	see	supplementary	125	
Figure	 1	 for	 connectivity	 pattern	 between	 all	 clusters).	 As	 shown	 in	 Figure.	 2,	126	




and	 the	 beta	 frequency	 band	 (bootstrapping,	 FDR-adjusted	 p	 <	 0.05).	 The	131	
sustained	bidirectional	ERC	increase	in	the	theta	and	alpha	band	between	ACC	and	132	
left	 prefrontal	 cortex	 (ACC<->LPF)	 was	 observed	 for	 both	 egocentric	 and	133	
allocentric	participants	while	only	egocentric	navigators	showed	ERC	increases	in	134	
the	 beta	 band	 around	 20	 Hz	 (ACC->LPF	 &	 ACC->RPF).	 The	 prefrontal	 cortex	135	
further	revealed	sustained	ERC	decreases	from	the	left	motor	to	the	left	prefrontal	136	












during	 the	 stimulus	 turn	 and	 the	 following	 straight	 segments.	 For	 allocentric	148	
navigators,	in	contrast,	alpha	ERC	from	the	left	prefrontal	cortex	to	the	left	motor	149	
cortex	 (LPF->LM)	 was	 strongest	 during	 stimulus	 turns	 and	 part	 of	 straight	150	
segments	before	and	after	 the	 turn	 (see	Figure	2).	Allocentric	participants	also	151	
showed	reciprocal	 alpha	ERC	between	 the	 right	prefrontal	 cortex	and	 the	 right	152	
motor	cortex	(RPF<->RM)	mainly	during	straight	segments	(see	Figure	2).	 	153	
Stronger	 ERC	 increases	 were	 revealed	 in	 more	 posterior	 brain	 regions	154	
including	the	motor,	the	parietal,	and	the	occipital	cortex	as	well	as	the	RSC	(see	155	
Figure	3).	ERC	increases	in	the	alpha	band	were	found	between	motor	and	parietal	156	
areas	 during	 the	 complete	 path	 most	 pronounced	 for	 egocentric	 participants.	157	
Significant	reciprocal	alpha	ERCs	between	the	left	and	right	motor	cortices	(LM<-158	
>RM)	was	only	 found	for	egocentric	participants	while	alpha	ERCs	between	the	159	
left	 and	 right	parietal	 cortices	 (LP<->RP)	were	more	pronounced	 in	allocentric	160	





more	 pronounced	ERC	with	 anterior	 regions	 such	 as	 the	 prefrontal	 and	motor	165	








comprised	 a	 wider	 frequency	 range,	 including	 the	 delta	 and	 alpha	 bands.	174	
Bidirectional	ERC	between	the	RSC	and	parietal	cortex	(RSC<->RP)	in	the	alpha	175	
and	 delta	 frequency	 bands	 was	 found	 for	 both	 allocentric	 and	 egocentric	176	
participants,	although	more	pronounced	in	allocentric	navigators	(bootstrapping,	177	
FDR-adjusted	p	<	0.05).	In	the	allocentric	group,	the	RSC	revealed	alpha	ERC	with	178	
the	 right	 parietal	 cortex	 (RSC->RP)	 before	 and	 during	 stimulus	 turns.	 The	RSC	179	
received	 weaker	 alpha	 flow	 from	 the	 right	 parietal	 cortex	 (PR->RSC).	 It	 is	180	




alpha	and	delta	 frequency	bands	was	 found	 for	both	allocentric	 and	egocentric	185	
	 9	














	 	 	 	 As	shown	in	Figure	4,	sustained	ERC	differences	in	the	alpha	band	were	found	200	
from	the	left	motor	to	the	left	prefrontal	cortex	(LM->LPF)	and	the	left	prefrontal	201	









prefrontal	 cortex	 and	 right	 motor	 cortex	 (RPF<->RM)	 in	 the	 alpha	 band.	210	
Egocentric	groups	also	showed	significantly	increased	ERC	in	alpha	band	from	the	211	
left	motor	 cortex	 to	 the	 right	motor	 cortex	 (LM->RM)	 in	 the	 straight	 segment	212	
before	stimulus	turn	(bootstrapping,	FDR-adjusted	p	<	0.05).	213	
	 	 	 	 ERC	 differences	 in	 the	 delta	 and	 alpha	 band	 were	 found	 in	 the	 posterior	214	
network	as	showed	in	Figure	5	(bootstrapping,	FDR-adjusted	p	<	0.05).	Sustained	215	
significant	 ERC	 difference	 in	 alpha	 band	 between	 strategy	 groups	 were	 found	216	
between	the	left	parietal	cortex	and	left	motor	cortex	(LP<->LM)	and	the	left	and	217	



















	 	 	 	 In	this	study,	we	found	ERC	flow	in	the	delta	(1–3.5	Hz),	theta	(4–7	Hz),	alpha	236	
(8–13	Hz),	and	beta	(14–30	Hz)	frequency	bands	in	the	human	navigation	network	237	
during	 virtual	 path	 integration.	 The	 dominant	 frequency	 characteristics	 of	 this	238	





navigation	 tasks	 [Li	 et	 al.,	 2009].	 Using	 sdDTF	we	 found	direct	 Granger	 causal	244	
relationships	 between	 different	 brain	 regions	 that	 demonstrated	 task-related	245	
modulations	and	significant	differences	dependent	on	 the	 reference	 frame	 that	246	
was	used	for	spatial	updating.	 	247	
The	results	allow	for	a	broad	classification	of	 two	functionally	distinct,	but	248	
overlapping	 cortical	 networks.	 One	 network,	 the	 anterior	 navigation	 network,	249	
demonstrated	significant	ERC	flows	between	anterior	areas	including	the	ACC	and	250	

















the	 increased	 frontal	 theta	 power	 and	 the	 demanding	 navigation	 has	 been	267	
reported	in	the	previous	studies	[Caplan	et	al.,	2003;	Kahana	et	al.,	1999]	and	are	268	
in	line	with	recent	results	indicating	increased	prefrontal	cortex	activity	with	more	269	
complex	 navigation	 decisions	 [Javadi	 et	 al.,	 2017].	 Thus,	 the	 observed	 theta	270	




the	 motor	 cortex	 for	 both	 strategy	 groups.	 This	 finding	 is	 in	 line	 with	 the	275	
assumption	 that	 the	 dorsolateral	 prefrontal	 cortex	 is	 involved	 in	 various	 tasks	276	
requiring	higher	order	motor	planning	and	control	[Cieslik	et	al.,	2013;	Rowe	et	al.,	277	
	 13	
2005].	 Other	 studies	 have	 shown	 that	 first-person	 perspective	 navigation	 also	278	
activates	 the	 premotor	 cortex	 and	 parietal	 cortex,	 besides	 the	 dorsolateral	279	
prefrontal	 cortex	 [Baumgartner	 et	 al.,	 2008;	 Jäncke	 et	 al.,	 2009].	 Our	 results	280	

















cortices	 and	 the	 RSC,	 reflecting	 the	 involvement	 of	 these	 regions	 in	 spatial	298	
information	processing	 [Lin	 et	 al.,	 2015].	 The	 present	 study	 demonstrated	 this	299	
alpha	rhythm	to	provide	a	causal	connection	between	these	areas.	This	posterior	300	
	 14	
navigation	 network,	 with	 the	 RSC	 as	 a	 hub	 connecting	 functionally	 different	301	








2009;	Zhang	et	 al.,	 2012].	 In	 this	 study,	we	observed	 that	 the	RSC	was	 causally	310	
connected	with	the	parietal	and	occipital	cortices	during	path	integration,	mainly	311	
through	modulations	in	the	alpha	frequency	range.	In	addition,	we	observed	that	312	
alpha	 connectivity	 between	 the	 RSC	 and	 the	 occipital	 cortex	 was	 sustained	313	
throughout	the	navigation	period	and	more	pronounced	for	allocentric	navigators.	314	
Successful	 navigation	 required	 the	 participants	 to	 continuously	 maintain	 their	315	
position	changes	with	respect	 to	 the	origin	of	the	passage.	Sustained	ERC	flows	316	
between	the	RSC	and	occipital	cortex	during	straight	segments	arguably	reflect	the	317	





RSC	 revealed	 the	 strongest	 causal	 connectivity	 with	 the	 parietal	 cortex	 for	323	
	 15	
allocentric	participants	(see	Figure	5).	Baumann	and	Mattingley	[2010]	found	that	324	
the	 medial	 parietal	 cortex	 was	 engaged	 in	 the	 computation	 of	 allocentric	325	
directions.	Recently,	Marchette	et	al.	[2014]	demonstrated	BOLD	activations	in	the	326	
RSC	 during	 encoding	 of	 allocentric	 heading	 directions.	 Taking	 these	 findings	327	
together,	 ERC	 flow	 in	 the	 alpha	 band	 between	 the	 RSC	 and	 parietal	 cortex	 is	328	
proposed	 to	 reflect	 the	 integration	 of	 changes	 in	 heading	 with	 respect	 to	 an	329	






regions,	 including	 the	 motor	 cortex,	 through	 direct	 anatomical	 connections	336	
[Shibata	et	 al.,	 2004;	White	et	 al.,	 2011].	The	human	RSC	 is	 located	within	and	337	
adjacent	to	the	dorsal	posterior	cingulate	cortex,	which	shows	extensive	efferent	338	
and	afferent	connections	with	cortical	areas	that	process	visuospatial	information	339	
and	 information	 on	 the	 orientation	 of	 the	 body	 in	 space	 via	 interaction	 with	340	
numerous	premotor	areas,	including	the	cingulate	motor	area	[Vogt	et	al.,	2006].	341	
Besides	strategy-related	connectivity	patterns,	delta	flows	between	the	RSC	and	342	














methods	are	needed	 to	extract	 the	useful	 information	 from	EEG.	The	analysing	356	
methods	including	pre-processing,	noise	removal,	source	separation	and	location	357	














assumption	 that	 first-person	 sensory	 information	 is	 transformed	 into	 an	371	















the	 spot,	 to	 the	 left	or	 the	 right.	The	participants	were	asked	 to	maintain	 their	387	




















	 	 Twenty-one	 right-handed	male	 participants	performed	 the	 task.	 Participants	407	
were	categorized	as	allocentric	or	egocentric	navigators	based	on	their	responses	408	
after	 each	 trial	 resulting	 in	 9	 allocentric	 and	 12	 egocentric	 navigators	 (mean	409	
strategy-consistent	adjustments	=	98.4%,	sd	=	2.1%).	EEG	signals	were	recorded	410	
using	 64	 electrodes	 placed	 in	 an	 elastic	 cap	 according	 to	 the	 extended	 10-20	411	











removed	 to	 allow	 independent	 component	 analysis	 (ICA)	 to	 decompose	 eye	422	
movement	related	activity.	The	channel	data	without	any	activity	over	longer	time	423	
periods	and	 the	 channel	data	with	 strong	deviation	 from	neighboring	 channels	424	




maximally	 independent	 time	 source	 series	 (independent	 components,	 ICs),	429	
allowing	further	estimation	of	information	flow	between	ICs.	To	approximate	the	430	
spatial	origin	of	IC	activations,	an	equivalent	current	dipole	model	was	computed	431	
for	 each	 IC	 in	 a	 four-shell	 spherical	 head	 model	 using	 DIPFIT2	 routines	432	
[Oostenveld	and	Oostendorp,	2002].	Subsequently,	individual	ICs	were	clustered	433	
across	participants	based	on	the	time	course	of	event-related	potentials	(ERPs),	434	





From	an	 initial	set	of	1,209	 ICs	of	 all	participants,	897	 ICs	with	a	 residual	439	
variance	of	the	equivalent	dipole	model	of	less	than	15%	were	clustered.	Finally,	440	
nine	clusters	with	a	total	of	171	ICs	were	identified	as	brain	sources	based	on	their	441	
locations	 in	 or	 near	 the	 grey	matter	 of	 the	 head	model.	 The	 reconstruction	 of	442	
sources	 based	 on	 EEG	 data	 provides	 only	 an	 approximation	 of	 the	 unknown	443	
source	locations	and	any	description	of	cortical	structures	is	based	on	an	estimate	444	






	 	 	 	 IC	 time	 series	 were	 analyzed	 using	 the	 Source	 Information	 Flow	 Toolbox	451	
(SIFT)	[Delorme	et	al.,	2011;	Mullen	et	al.,	2010],	an	open	source	toolbox	for	brain	452	
connectivity	analysis.	Based	on	the	concept	of	causal	influence	as	put	forward	by	453	




Blinowska,	 2008].	 This	 approach	 determines	 the	 frequency	 band	 in	which	 the	458	








2-step	 procedure.	 In	 the	 first	 step,	 data	were	 normalized	 across	 time	 for	 each	466	
epoch	by	subtracting	the	mean	and	dividing	by	the	standard	deviation	of	the	epoch	467	
data.	The	second	step	was	the	ensemble	normalization	of	data	across	epochs;	here,	468	
the	 ensemble	 average	 was	 subtracted	 from	 the	 data	 and	 then	 the	 result	 was	469	









2005].	 Based	 on	 the	model	 coefficients,	 the	 short-time	 dDTF	was	 estimated	 to	479	
measure	the	causal	information	transferred	between	ICs	in	the	frequency	band	of	480	




	 	 	 	 The	two-way	ANOVA	statistical	test	and	post	hoc	Wilcoxon	signed-rank	test	484	
were	introduced	to	test	the	behavioural	information	(‘strategy’	x	‘end	Position’).	A	485	
mix-model	ANOVA	statistic	showed	that	the	turning	direction	had	no	impact	on	486	
homing	 angles,	 thus	 left	 and	 right	 turning	 trials	 were	 merged	 to	 investigate	487	
homing	performance	(homing	angles)	for	both	strategy	groups.	488	




containing	 zero-information-flow	 by	 randomizing	 the	 phases	 of	 IC	 signals	 but	493	
preserving	their	amplitudes	and	then	tested	the	measured	causality	against	this	494	
surrogate	 distribution	 for	 each	 time-frequency	 point	 [Theiler	 et	 al.,	 1992].	 To	495	
further	measure	 significant	 causal	 flow	 as	 compared	 to	 the	 baseline	 condition,	496	








allocentric	 navigators),	 bootstrapping	 test	 and	 FDR	 correction	were	 applied	 to	505	
	 23	
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row	 shows	 the	 sequential	 passage	 steps	 for	 both	 strategy	 groups:	 (straight)	775	









flow	 from	 each	 cluster	 (columns)	 to	 other	 clusters	 (rows)	 for	 the	 posterior	784	
navigaiton	network.	The	bottom	row	shows	the	sequential	passage	steps	for	both	785	
strategy	 groups:	 (straight)	 passively	 moving	 forward	 by	 following	 the	 guiding	786	
arrow,	(decelerate)	approaching	the	turning	point	and	slowing	down	for	turning,	787	
(turn)	 turning	 on	 the	 spot,	 (straight)	 following	 the	 guiding	 arrow	 and	moving	788	
forward	again,	and	(end)	approaching	the	end	and	slowing	down	to	stop.	LM,	left	789	










causality	 (ERC)	 flow	 for	 the	 posterior	 navigation	 network	 computed	 by	800	







grid-like	 navigation	 environment	 with	 irregular	 stonewalls	 and	 roads.	 The	807	
participants	were	guided	along	different	possible	paths	(one	example	indicated	by	808	
the	gray	dotted	line)	from	the	starting	location	(star)	to	an	end	position	(circle).	809	
(B)	 Illustration	 of	 homing	 responses	 of	 the	 allocentric	 (dark	 gray	 head)	 and	810	
egocentric	 (light	 gray	 head)	 participants	 for	 a	 rightward	 turn.	 The	 homing	811	
directions	for	such	a	rightward	path	differed	between	the	strategy	groups,	with	812	
the	 egocentric	participants	 pointing	 back	 and	 to	 their	 right	 and	 the	 allocentric	813	








from	 each	 cluster	 (columns)	 to	 other	 clusters	 (rows)	 for	 all	 selected	 clusters.	822	
Figure	 layout	 is	 the	 same	 as	 Figure.	 2.	 ACC,	 anterior	 cingulate	 cortex;	 LF,	 left	823	







































X	 Y	 Z	 Brain	Region	
Cls	1	 -1	 37	 33	 anterior	cingulate	cortex	(ACC)	
Cls	2	 -22	 9	 40	 left	prefrontal	cortex	(LPF)	
Cls	3	 26	 15	 42	 right	prefrontal	cortex	(RPF)	
Cls	4	 -41	 -16	 44	 left	motor	cortex	(LM)	
Cls	5	 40	 -19	 44	 right	motor	cortex	(RM)	
Cls	6	 -17	 -37	 42	 left	parietal	cortex	(LP)	
Cls	7	 12	 -41	 39	 right	parietal	cortex	(RP)	
Cls	8	 12	 -57	 6	 retrosplenial	complex	(RSC)	
Cls	9	 7	 -87	 24	 occipital	cortex	(Occ)	
843	
